Abstract: Adenosine released by cells in injurious or hypoxic environments has tissue-protecting and anti-inflammatory effects, which are also a result of modulation of macrophage functions, such as vascular endothelial growth factor (VEGF) production. As VEGF is a well-known target of hypoxiainducible factor 1 (HIF-1), we hypothesized that adenosine may activate HIF-1 directly. Our studies using subtype-specific adenosine receptor agonists and antagonists showed that by activating the A 2A receptor, adenosine treatment induced HIF-1 DNA-binding activity, nuclear accumulation, and transactivation capacity in J774A.1 mouse macrophages. Increased HIF-1 levels were also found in adenosine-treated mouse peritoneal macrophages. 
INTRODUCTION
The microenvironment of injured and inflamed tissues is characterized by low levels of O 2 , mainly caused by the disrupted microcirculation [1] , and inflammation/injury-related hypoxia can be expected to activate hypoxia-inducible factor 1 (HIF-1), a ubiquitous transcription factor, which functions as a master regulator of oxygen homeostasis [2] [3] [4] .
Active HIF-1 is a heterodimer consisting of an inducible HIF-1␣ subunit and a constitutively expressed HIF-1␤ subunit. HIF-1␣ is an extremely labile protein in normoxia, and hypoxia increases its intracellular levels by markedly inhibiting its rapid degradation. Under normoxic conditions, a family of prolyl-4-hydroxylase domain enzymes, which have an absolute requirement for oxygen, iron, and 2-oxoglutarate [5] , hydroxylates HIF-1␣, which is then bound by the von HippelLindau tumor suppressor protein and targeted for proteasomal destruction [6] . In the absence of one of the three cofactors, hydroxylation is blocked, and the stabilized HIF-1␣ is free to bind HIF-1␤ to form an active heterodimer, which can bind to hypoxia response elements (HREs) located in the promoter regions of a variety of genes encoding proteins, playing key roles in different cell functions, including angiogenesis, erythropoiesis, glucose transport, glycolysis, iron transport, and cell proliferation/survival [7] . Reactive oxygen species generated by mitochondria under hypoxic conditions also plays an important role in inducing HIF-1 [8] , which can be turned on as well by a number of nonhypoxic stimuli, such as growth factors, cytokines, hormones, NO, and LPS (see Dery et al. [9] for review). Unlike hypoxia, the stabilization of HIF-1␣ does not seem to play a role in the induction of HIF-1 exerted by these stimuli, the predominant mechanism being an increase in HIF-1␣ protein translation, which is in turn, mediated by the PI-3K pathway and its downstream effectors [9 -12] . In addition, increased HIF-1␣ mRNA levels have been found [10, 12, 13] .
It has been shown that adaptation to the low oxygen levels present in most areas of extensive inflammation is a key element of T cell activities [1] . However, the myeloid cells recruited to inflammatory sites also need to be able to survive and function under microenvironmental conditions characterized by low oxygen tension, and it has been demonstrated that targeted HIF-1 inactivation in macrophages and neutrophils affects several myeloid functions and leads to an impaired inflammatory response [14, 15] .
How is the low oxygen tension in tissues translated into the biochemical changes, which lead to the response of immune cells? One such mechanism could be direct hypoxia-generated HIF-1 activation, and another signal could be the accumulation of extracellular adenosine, which is produced by many different tissues and cell types and increases dramatically in response to hypoxia, ischemia, and inflammation to the point of reaching interstitial concentrations, which are several hundred-fold higher than those present under normal conditions [1, 16] . Increased levels of extracellular adenosine trigger the G protein-coupled adenosine receptors on activated immune cells and modulate a variety of functions, including phagocytosis, antigen presentation, target cell killing, and the expression of cytokines and NO [1, 16, 17] . Furthermore, it has been demonstrated that adenosine plays a key role in promoting tissue protection by means of ischemic preconditioning (see Linden [16] for review).
Adenosine A 2A receptors synergize with TLRs in up-regulating vascular endothelial growth factor (VEGF) expression in murine macrophages, thus acting as an angiogenic switch [18] . As VEGF induction is one of the best-characterized and most frequent responses to HIF-1 activation [19, 20] , this suggests that HIF-1 activity may be up-regulated by adenosine also. The aim of this study was to test this hypothesis, and we found that adenosine does in fact induce HIF-1 activity and the expression of HIF-1 target genes in macrophages. Furthermore, when exploring the signaling pathways downstream of the adenosine receptor, as well as the molecular mechanisms involved in HIF-1 induction, we found evidence indicating the involvement of protein kinase C (PKC) and PI-3K pathways and the importance of post-transcriptional mechanisms.
MATERIALS AND METHODS

Cell cultures and treatments
The J774A.1 murine macrophage cell line was obtained from the European Collection of Cell Cultures and cultured in E-MEM medium (Sigma, Milan, Italy) containing 10% FBS, 2 mM glutamine, 100 U/ml penicillin, and 0.1 ng/ml streptomycin at 37°C in 5% CO 2 . Proteose peptone-elicited peritoneal macrophages were recovered from 8-week-old, pathogen-free, female CD1 mice (Charles River Italia, Calco, Italy), which were housed, fed, and handled in compliance with the prescriptions for the care and use of laboratory animals. Peritoneal macrophages were purified by adherence to plastic tissue-culture clusters (Corning-Costar Italia, Milano, Italy) for 2 h at 37°C in 5% CO 2 , as described previously [21] . Near-confluent J774A.1 cells were exposed to various concentrations of adenosine for 2 h or 100 M adenosine for different times; cells were also treated with various concentrations of the A 2A adenosine receptor agonist CGS21680 (Sigma) in serum-free medium for 4 h or 5 M CGS21680 for different times. Control experiments demonstrated that incubation for up to 6 h in the absence of serum did not modify HIF-1 activity (not shown). When appropriate, 15 min before stimulation with adenosine or CGS21680, the cells were treated with the PI-3K inhibitor wortmannin (250 nM) and the PKC inhibitor chelerythrine (2 M; both from Sigma) or with 8-cyclopentyl-1,3-dipropylxanthine (DPCPX; 1 M), 3,7-dimethyl-1-propargylxanthine (DMPX; 1 M), alloxazine (1 M), or VUF5574 (1 M; all from Sigma), antagonists of, respectively, A 1 , A 2 , A 2B , and A 3 adenosine receptors. Different doses of the A 2A receptor selective antagonist ZM241385 were also used. In some cases, the cells were exposed for 20 h to 100 M desferrioxamine (DFO; Sigma) or 1 g/ml LPS (Sigma) in complete medium.
EMSA
The nuclear extracts were prepared as described by Tacchini et al. [10] , and aliquots were incubated with ␥-32 P-ATP-labeled oligonucleotides (Primm, Milan, Italy) encompassing the binding sites for HIF-1 (5Ј-AGCGTACGTGC-CTCAGGA-3Ј) and octamer-binding protein 1 (oct-1; 5Ј-TGCGAATGCAAAT-CACTAGAA-3Ј) and then electrophoresed and autoradiographed [10] . The specificity of the assay was demonstrated by the disappearance of the signals after the addition of a 50-fold excess of specific but not nonspecific oligonucleotides (data not shown). The quantitative determinations were made by means of direct nuclear counting using an InstantImager (Packard Instruments, Milan, Italy), and the values were calculated after normalization to the activity of oct-1. For the supershift assays, the nuclear extracts were incubated first for 60 min with 1 g anti-HIF-1␣ antibody (OZ15, LabVision-NeoMarkers, Fremont, CA, USA) or anti-heat shock factor 1 (anti-HSF1) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) on ice and then with the labeled oligonucleotide, followed by electrophoresis [22] .
Transient transfection assay
Subconfluent J774A.1 cells were transiently transfected using the Plus™ and Lipofectamine™ reagents (Invitrogen, Carlsbad, CA, USA) with a 50:1 mixture of the various constructs containing fragments of the HIF-1 promoter and the pRL-SV40 reporter vector containing renilla luciferase, which was used to normalize transfection efficiency. Ten minutes before transfection, the cells were exposed to CGS21680 in the absence of serum, and after 4 h, fresh medium was added, and the cells were reincubated. The transfected cells were treated with DFO, as described previously by Bianchi et al. [23] . The vectors (generous gifts of D. E. Richard, Centre de Recherche, Quebec, Canada, originally prepared by Gregg L. Semenza's laboratory, Johns Hopkins University, Baltimore, MD, USA) [12] contained a 604-or 856-bp fragment of the human HIF-1 promoter with (pHIF-1A) or without (pHIF-1B) the 5Ј-UTR region cloned in front of the firefly luciferase gene in the pGL2 vector (Promega, Milan, Italy). The cells were also transfected with the pGL3PGK6TKp vector containing a HRE multimer [24] (a kind gift of Peter J. Ratcliffe, Wellcome Trust Center for Human Genetics, Oxford, UK). When appropriate, the cells were cotransfected with 1 g of the expression vector pcDNA3ARNT⌬_b (⌬ARNT), coding for the dominant-negative mutant form of the ARNT subunit (obtained from M. Schwarz, University of Tü bingen, Germany) [10] . After 24 h, the cells were collected, washed, and lysed using the reporter lysis buffer (Promega), and luciferase activities were measured in a Promega luminometer using the Dual-Luciferase reporter assay system (Promega), according to the manufacturer's instructions [24] . The empty vectors showed practically undetectable luciferase activity. All of the transfection experiments were carried out on duplicate plates and were repeated at least three times (nϭ6).
Immunoblot analysis
HIF-1␣ was determined in nuclear extracts prepared according to Tacchini et al. [10] . Equal amounts of proteins were electrophoresed in acrylamide-SDS gels and electroblotted to Hybond membranes (Amersham Co., Milan, Italy). After assessing transfer by means of Ponceau S staining, the membranes were incubated with anti-human HIF-1␣ mAb (H1␣67, Novus Biologicals, Littleton, CO, USA; 1:1000 dilution). The anti-TFIID antibody (Santa Cruz Biotechnology) was used to assess equal protein loading. After incubation with the appropriate secondary antibody and extensive washing, the antigens were detected using an immunodetection kit (ECL Plus, Amersham Co.). Antigens were quantitated by means of densitometry with the values being calculated after normalization to the amount of TFIID.
RNA-protein gel retardation assay
The cell lysates were prepared as described by Cairo et al. [25] , and equal amounts of supernatant proteins were incubated with the iron-responsive element (IRE) probe, which was transcribed from the pSPT-fer plasmid containing the IRE of the human ferritin H chain [26] using T7 RNA polymerase in the presence of [␣- 32 P]UTP and treated with RNase T1 and heparin [25] . After separation on 6% nondenaturing polyacrylamide gels, the RNA-protein complexes were visualized by autoradiography and quantitated by means of direct nuclear counting using an InstantImager (Packard Instruments).
Northern blot analysis
Total cell RNA was isolated, and equal amounts were electrophoresed under denaturing conditions [10] . To confirm that each lane contained equal amounts of RNA, the rRNA content in each lane was estimated in the ethidium bromide-stained gels by laser densitometry. The RNA was transferred to Hybond-N filters (Amersham Co.), which were hybridized with 32 P-labeled human cDNAs of HIF-1␣ (kindly provided by Ruth D. Thornton, Philadelphia College of Osteopathic Medicine, Philadelphia, PA, USA), aldolase [Clone HFBCC77, obtained from American Type Culture Collection (ATCC), Manassas, VA, USA], and phosphoglycerate kinase 1 (PGK-1; plasmid pHPGK-7e, obtained from ATTC). The quantitative determinations were made by means of direct nuclear counting using an InstantImager (Packard Instruments), with the values being calculated after normalization to the amount of rRNA.
Evaluation of cell (c)-and nuclei (n)-PKCs in cytosol and membrane fractions
The cells were lysed by sonication in 10 mM HEPES, pH 7.5, 0.25 M sucrose, 5 mM EDTA, 10 mM 2-ME, 2 mM PMSF, and 1 mM leupeptin. The unbroken cells and nuclei were separated by 10 min centrifugation at 13,000 g. The soluble fraction was separated by centrifugation at 100,000 g for 30 min, and the cell debris were treated for 20 min with the lysis buffer containing 0.2% Triton X-100 on ice and further centrifuged for 30 min at 100,000 g to separate the membrane fraction. The cytosolic and membrane proteins were separated by electrophoresis on 8% SDS-polyacrylamide gel and blotted onto nitrocellulose membranes. The PKC-␦ isoenzyme was revealed using rabbit polyclonal antibodies against the PKC-␦ isoform (Santa Cruz Biotechnology) and ECL (Amersham Co.) [27] . Antigens were quantitated by means of densitometry.
In vitro PKC activity assay
The different PKC isoforms were immunoprecipitated with a mouse anti-c-PKC mAb or with rabbit polyclonal anti-␦ and anti-ε antibodies (Santa Cruz Biotechnology) and protein A sepharose (Sigma). The sepharose beads were then washed three times in the buffer described previously [27] . The histone kinase activity of c-PKC (␣, ␤ 1 , ␤ 2 isoforms) was evaluated by incubating 30 l of the buffer for 10 min with 0.1 mM ATP, 2 Ci/sample [ 32 P]ATP (Amersham Co.), 1 g phosphatidylserine, 0.4 g diacylglycerol, 0.5 mM CaCl 2 , and 10 g histone H1 at 37°C. To assay n-PKC-␦ and n-PKC-ε activity, CaCl 2 was omitted from the incubation buffer. The reaction was stopped by the addition of Laemmli's buffer, and the histone was separated by electrophoresis on a 12.5% SDS-polyacrylamide gel. After blotting on a nitrocellulose Hybond C membrane (Amersham Co.), [ 32 P] incorporation was revealed by autoradiography, and the relative intensity of phosphorylation was evaluated densitometrically [27] .
Analysis of Akt phosphorylation state
Cell lysates prepared as described previously [28] were centrifuged at 13,000 g for 10 min. For immunoblot analysis, 30 g protein aliquots of the supernatants were electrophoresed on a 10% SDS-polyacrylamide gel, blotted onto nitrocellulose membranes, and probed sequentially with rabbit polyclonal antibodies against (Ser 473 ) phospho-Akt and Akt (Cell Signaling Technology, Beverly, MA, USA). The antibody binding was revealed by HRP-conjugated anti-rabbit Igs (Bio-Rad, Hercules, CA, USA) using Western Lightning Chemiluminescence Reagent Plus (Perkin Elmer, Boston, MA, USA). The relative intensity of the bands was measured by densitometry [28] .
Real-time PCR
RT reaction from 1 g total RNA template was performed using TaqMan reagents (Applied Biosystems, Foster City, CA, USA) as per the manufacturer's instructions. Real-time PCR was done using SyBr Green PCR Master Mix (Applied Biosystems) and detected by an ABI-Prism 5700 sequence detector (Applied Biosystems). Schioppa et al. [29] described the primers used. Data were processed using the GeneAmp software (Applied Biosystems), normalized to the expression of the housekeeping gene ␤-actin, and expressed as fold changes in mRNA levels with respect to the control, untreated cells. Data represent mean Ϯ SE from three independent experiments done in triplicate.
Statistical analysis
Densitometric values were analyzed by ANOVA, and P values of Ͻ0.05 were considered significant. The differences from control were evaluated using the original experimental data.
RESULTS
Adenosine induces HIF-1 activation in J774A.1 cells and mouse macrophages
To study the effect of adenosine on HIF-1, mouse J774A.1 macrophages were exposed to increasing adenosine concentrations for 2 h, and the DNA-binding activity of HIF-1 was evaluated by EMSA. Adenosine increased HIF-1 activity in a dose-dependent manner, and activation was already detectable at 50 M, and maximal binding levels were reached at 100 M (Fig. 1A) and maintained at higher doses (data not shown). A similar binding activity was found in extracts of cells exposed to the iron chelator DFO, a well-known inducer of HIF-1 [30] .
Competition experiments using unlabeled oligonucleotides demonstrated the specificity of the interaction between the DNA probe and the nuclear factors induced by adenosine. The complex that migrates faster represents a so-called constitutive factor, which is closely related or identical to the transcription factors, activating transcription factor 1 and CREB-1, and has been shown to be induced by hypoxia, iron chelation, and adenosine [31] [32] [33] . The addition of an antibody against HIF-1␣ (but not of an irrelevant antibody) in supershift assays immunodepleted the slower-migrating bands induced by adenosine or DFO, thus indicating that HIF-1 was the nuclear protein activated by the treatments (Fig. 1B) . Immunoblot analysis of the nuclear extracts showed that HIF-1 protein levels were also increased greatly in the cells exposed to adenosine, and a dose response reflected that shown by the DNA-binding activity (Fig. 1C) . Time-course experiments showed that HIF-1 levels increased after 1 h, remained high until the 4th h, and decreased thereafter (Fig. 1D) . To investigate whether the HIF-1 induction observed in the J774A.1 cell line was also detectable in primary mononuclear cells, immunoblotting assays were performed with nuclear extracts from mouse peritoneal macrophages incubated in the presence of 100 M adenosine for 2 h. As shown in Figure 1E , exposure to adenosine was able to increase HIF-1 content to an extent almost similar to that obtained with DFO.
Activation of HIF-1-binding activity and transactivation capacity is mediated by the A 2A receptor
To assess which member of the adenosine receptor family was involved in HIF-1 activation, we first used a panel of adenosine receptor antagonists. The accumulation of HIF-1 in J774A.1 cells treated for 4 h with 100 M adenosine was prevented almost completely by the simultaneous addition of the A 2 receptor inhibitor DMPX but not by the antagonists of the A 1 , A 2B , and A 3 receptors (Fig. 2A) . Treatment with the antagonists alone did not influence HIF-1 activity (results not shown).
The involvement of the A 2A receptor was indicated by the progressive down-regulation of HIF-1 protein levels obtained when the cells were incubated in the presence of increasing concentrations of the selective inhibitor of the A 2A receptor (ZM241385; Fig. 2B ).
To assess the involvement of the A 2A receptor further in HIF-1 activation, J774A.1 cells were incubated in the presence of CGS21680, a highly selective receptor agonist of the A 2A receptor. Concentration response experiments showed that HIF-1 nuclear accumulation (Fig. 3A) was induced at 0.5 M, increased further at 1 M, and remained high at 5 M. HIF-1 was also activated in a time-dependent manner, full activation being reached at 2 h and maintained for 4 -6 h (Fig. 3B) . The inducing effect of CGS21680 was prevented by the addition of the A 2A receptor antagonist ZM241385 (Fig. 3B) .
We then used transactivation capacity experiments to verify whether the HIF-1 induced by CGS21680 was transcriptionally active. In J774A.1 cells transiently transfected with a luciferase reporter gene controlled by a DNA fragment containing multiple consensus HREs, which have been shown previously to drive HIF-1-dependent transcription in response to hypoxia and hypoxia-mimics [24] , the expression of the reporter gene increased more than fivefold in response to CGS21680 or DFO (Fig. 3C) . the CGS21680-and DFO-dependent activation of luciferase activity were obtained by means of experiments in which the HIF-1-transactivating capacity was abolished almost completely by the cotransfection of a plasmid expressing a dominant-negative of the ␤ subunit of the HIF-1 heterodimer (HRE/ ⌬ARNT), which maintains the capacity of forming a heterodimer but cannot bind DNA [10] (Fig. 3C) .
CGS21680 was used to represent adenosine-mediated effects in all of the subsequent experiments because of its higher stability in solution.
HIF-1 activation is iron-independent and occurs through the PKC and PI-3K pathways
Iron is required for HIF-1 degradation in normoxic cells, as it is a necessary cofactor for prolyl and asparginyl hydroxylases [5] , and so decreased iron availability activates HIF-1 [30] . To investigate the possibility that the adenosine/A 2A receptor pathway leads to HIF-1 activation by reducing the intracellular iron pool, we used a RNA bandshift assay to measure the activity of the iron regulatory proteins 1 and 2 (IRP1 and IRP2), key regulators of iron homeostasis, which are activated by decreased intracellular iron availability [34, 35] . Figure  4A shows that the RNA-binding activity of IRP1 and IRP2 remained unaltered in J774A.1 cells treated with CGS21680 for 2 h but as expected, was remarkably activated in cells deprived of iron by exposure to the iron chelator DFO [34, 35] . Further evidence that CGS21680 activates HIF-1 in an ironindependent manner was provided by transfection experiments showing that DFO and CGS21680 had an additive effect on luciferase activity driven by the HRE multimer (Fig. 4B ), indicating that different mechanisms are involved in the activation of HIF-1 induced by iron deficiency or CGS21680 in J774A.1 cells.
Hypoxia and iron deficiency activate HIF-1 by stabilizing the HIF-1 protein, but it has been shown that nonhypoxic stimuli increase HIF-1 levels by stimulating HIF-1 mRNA transcription and translation through kinase signaling pathways [9] . We analyzed the involvement of the PKC and PI-3K pathways, as they are stimulated by adenosine [27] and required for HIF-1 activation [12] . Treatment with CGS21680 did not modify the activity of PKC-␣, ␤1, or ␤2 isoenzymes (data not shown) but induced membrane translocation of PKC-␦ (Fig. 5A) and increased its activity in the membrane fraction by ϳ70% ( Table 1) . Akt phosphorylation, which was used as a reporter for PI-3K activity, was increased promptly by exposure to CGS21680, whereas total Akt content remained unchanged (Fig. 5B) . To investigate the role of these pathways in HIF-1 activation, we performed luciferase expression experiments using the HRE multimer construct. The presence of wortmannin and chelerythrine, specific inhibitors of PI-3K and PKC, respectively, prevented the CGS21680-induced stimulation of the transactivation capacity of HIF-1, and addition of the inhibitors alone had no effect (Fig. 5C) . Immunoblot experiments indicated that the modulation of HIF-1 transactivation capacity was paralleled by changes in HIF-1 protein levels (Fig. 5D) . Altogether, these results indicated that the induction of HIF-1 activity by CGS21680 requires PI-3K and PKC activity.
HIF-1 up-regulation involves transcriptional and translational events
To examine the molecular mechanisms involved in the induction of HIF-1, we determined HIF-1 mRNA expression. Northern blot analysis (Fig. 6A) showed that the exposure of J774A.1 cells to CGS21680 led to a time-dependent increase in steady-state HIF-1 mRNA levels after 4 -6 h of treatment. To investigate HIF-1 gene transcription further and verify whether CGS21680 also favored HIF-1 mRNA translation, we performed transient transfection experiments using two reporter constructs (Fig. 6B) : one in which the luciferase was controlled by the 5Ј flanking and 5Ј-UTR regions of the HIF-1 gene (pHIF-1A) and a shorter one in which the 5Ј-UTR region, important for HIF-1 mRNA translation [10, 12] , was removed (pHIF-1B). Exposure to CGS21680 doubled the luciferase activity of pHIF-1B (Fig. 6C) , thus demonstrating the role of transcriptional activation and confirming the result of the Northern blot analysis. However, the response to CGS21680 was much greater in the cells transfected with the plasmid pHIF-1A encompassing the entire HIF-1 regulatory region (Fig. 6C) , thus indicating that the 5Ј-UTR of HIF-1 mRNA is involved in the CGS21680-induced expression of a heterologous protein at the translational level. Figure 7A shows that aldolase and PGK-1 mRNA levels increased after 4 and 6 h of CGS21680 treatment. Real-time PCR analysis of VEGF mRNA showed a strong increase after 4 h exposure to CGS1680 (Fig. 7B) . These results indicate that adenosine triggers the expression of genes, which may have a positive effect on macrophage survival and function. To verify whether the adenosine-dependent stimulation of HIF-1 activity was involved in modulating the synthesis of specific macrophage products, we analyzed the expression of the CXCR4 chemokine receptor, which has been shown to be regulated by HIF-1␣ [29, 36] . Moreover, we examined TNF-␣ mRNA, as its induction in response to LPS is greater under hypoxic conditions [37, 38] , and its activation by bacterial infection is impaired in HIF-1␣ Ϫ/Ϫ macrophages [15] . In J774A.1 cells exposed to CGS21680 for 6 h, CXCR4 and TNF-␣ transcript levels (Fig. 7B) were not modulated, but as expected, a significant increase of CXCR4 and TNF-␣ mRNA was observed in cells stimulated with LPS, used as a positive control.
DISCUSSION
One of the consequences of the local tissue hypoxia caused by inflammation or tissue damage is the extracellular accumulation of adenosine released by the damaged cells, which is involved physiologically in protecting tissues from acute inflammatory injury [17] . Adenosine exerts this cytoprotective effect by increasing oxygen supply, triggering anti-inflammatory responses, preconditioning, and promoting angiogenesis [16] . The results of the present study demonstrate that adenosine also modulates macrophage functions by means of the normoxic induction of HIF-1 in the J774A.1 cell line and in peritoneal macrophages. Exposure of J774A.1 macrophages to adenosine receptor agonists and antagonists showed that A 2A receptors initiate the signaling pathway leading to HIF-1 activation. It has been shown recently that adenosine interaction with the A 3 receptor stimulates HIF-1 expression in melanoma and glioblastoma cells incubated under hypoxic conditions [39, 40] but that stimulation of the A 3 receptor alone was not sufficient to induce HIF-1. Conversely, we demonstrate here that in different experimental settings, adenosine is able to trigger HIF-1 expression and activity under normoxic conditions. Although hypoxia is the main activating factor of HIF-1, an increasing body of evidence indicates that this transcription factor may also be up-regulated by a number of nonhypoxic stimuli, such as stimulation with growth factors, cytokines, hormones, or exposure to NO and LPS [9, 13, 41, 42] . It is interesting that the mechanisms involved in activating HIF-1 under hypoxic and nonhypoxic conditions are strikingly different, insofar as unlike hypoxia, nonhypoxic stimuli do not induce HIF-1 by means of HIF-1␣ stabilization. Studies carried out by a number of laboratories have found that the predominant mechanism in this induction is an increase in HIF-1␣ protein translation [9] , and it has also been demonstrated that HIF-1␣ mRNA levels can be increased by angiotensin II, hepatocyte growth factor, and LPS [10, 12, 13, 43] .
The same transcriptional and post-transcriptional mechanisms also seem to play a role in adenosine-mediated HIF-1 activation, although we did not investigate the mechanisms involved in HIF-1 degradation and hence, cannot exclude that adenosine also affects HIF-1 protein stability. Indeed, our Northern blot analysis revealed that CGS21680 exposure increased HIF-1 mRNA levels, and transfection experiments with luciferase under the control of the HIF-1 promoter region showed that the adenosine/A 2A receptor pathway increases HIF-1 transcription. Comparison of the adenosine-mediated activation of luciferase activity in cells transfected with two different constructs (with or without the 5Ј-UTR region, which enhances the translation efficiency of HIF-1 mRNA [12] ) indicates that a further mechanism leading to the full activation of HIF-1 in cells exposed to CGS21680 is an increased translation of HIF-1 mRNA molecules, which may account for the presence of active HIF-1 at 2 h of CGS21680 treatment when HIF-1 mRNA up-regulation is still absent. Cooperation of these two molecular mechanisms may lead to the strong upregulation of nuclear accumulation, DNA-binding activity, and transactivation capacity reported here. Our findings are in line with recent results showing that adenosine stimulates the translation of IL-10 mRNA [44] , which indicates that posttranscriptional mechanisms are important in the adenosinemediated modulation of gene expression. In a recent work, demonstrating that the adenosine receptor agonist 5Ј-Nethylcarboxamidoadenosine (NECA) and LPS stimulate 
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VEGF expression synergestically in macrophages by activating HIF-1, NECA alone did not transcriptionally induce HIF-1 levels [45] . The discrepancy between these results and those reported in the present study may possibly arise from the different time length of exposure to the adenosine receptor agonists. In fact, Ramanathan and colleagues [45] examined HIF-1 expression and activity in macrophages treated for 12-24 h, whereas we found that the A 2A receptormediated effects on HIF-1 are transient and peak at 2-4 h (see Figs. 1-3 ). The role of iron availability in HIF-1 regulation has been demonstrated by studies of the effect of its removal by exogenous chelators [30] and of the consequences of blocking iron uptake via the transferrin receptor [46] . However, on the basis of our determinations of the activity of the "iron sensor" IRPs (which are related closely and inversely to iron levels in the labile pool) [34, 35] and the additive effects of CGS21680 and DFO in our transfection experiments, adenosine-mediated HIF-1 induction does not involve any changes in intracellular iron levels. This seems to be different from the decreased iron availability, which has been reported recently to play a role in the normoxic induction of HIF-1 in differentiating U937 cells [47] .
Conversely, and as demonstrated in the case of other nonhypoxic, HIF-1-inducing stimuli [9] , the up-regulation of HIF-1 by adenosine depends largely on the activation of the PKC and PI-3K pathways and their downstream effectors. We found increased levels of membrane PKC translocation and greater Akt activity soon after the CGS21680 stimulation of J774A.1 cells. Moreover, the transactivating capacity of HIF-1 was lost when specific inhibitors of these kinases were included in transfection experiments. Activation of these pathways through the A 2A receptor seems to play a role in adenosine-mediated signaling, also in other cell types; in fact, it has been demonstrated that PKC [27] and PI-3K [28] are involved in adenosine-induced hepatocyte preconditioning and in the transduction of signals mediated by A 2A receptors in neuronal cells [48 -50] .
Analysis of adenosine effect on gene expression allowed us to show that typical HIF-1 target genes, such as the glycolytic enzymes, are up-regulated in macrophages after CGS21680 treatment, and so, adenosine-mediated HIF-1 induction may play a role in the adaptation of macrophages to hypoxic conditions; similarly, the up-regulation of VEGF may make an important contribution to macrophage-dependent angiogenic activity. Our findings generally agree with the demonstration that adenosine strengthens the HIF-1-mediated activation of VEGF expression in hypoxic glioblastoma cells via the A 3 receptor [40] but show that the macrophage response, which is mediated through a different signaling pathway and by means of different molecular mechanisms, also takes place under normoxic conditions. The present study contributes to the increasing recognition of a link between HIF-1 and the metabolism of adenine nucleotides. In fact, the HIF-1-dependent activation of CD73 [51] and repression of equilibrative nucleoside transporters [52] , which generate and clear extracellular adenosine, respectively, may lead to an expansion of the extracellular adenosine pool. Moreover, HIF-1-mediated induction of the adenosine A 2B receptor [53] and the adenosine A 2A receptor-dependent induction of HIF-1 reported here may represent examples of complementary mechanisms aimed at amplifying adenosine signaling. Our findings are consistent with the view that HIF-1 is essential for myeloid cells, as is demonstrated by the impaired myeloid functions and deficient inflammatory response found in macrophages and neutrophils after targeted HIF-1 inactivation [14, 15] . Consistent with this, increased HIF-1 expression during monocyte differentiation to macrophages [54] may promote the adaptation to low oxygen levels found frequently at sites of inflammation.
Conversely, our limited analysis of inflammation-related HIF-1 target genes showed that TNF-␣ and CXCR4 are not responsive to HIF-1 in CGS21680-treated macrophages. In this regard, it is still not clear whether hypoxia is pro-or anti-inflammatory, as its potent anti-inflammatory effects in the case of lung injury [55] contrast with the demonstration that the appropriate expression of HIF target genes is essential for mounting a powerful, inflammatory response [14, 15] . Conversely, adenosine is generally considered a protective and anti-inflammatory molecule, as it inhibits the signaling pathways required for the synthesis and secretion of proinflammatory cytokines and attenuates the inflammatory process [17] .
Although not conclusive, our data suggest that adenosinemediated HIF-1 activation also plays an anti-inflammatory role, as it did not activate TNF-␣, a typical product of stimulated macrophages, which is in line with previous evidence showing that adenosine prevents LPS-induced TNF-␣ formation [17] . Furthermore, the expression of the CXCR4 chemokine receptor, which is involved in leukocyte recruitment, was unchanged in the cells exposed to the adenosine receptor agonist CGS21680, a finding that is in line with the recent demonstration that adenosine desensitizes chemokine receptors and thus inhibits leukocyte trafficking [56] .
In conclusion, the results of our study demonstrate a connection between HIF-1 activation and the accumulation of extracellular adenosine, two events that have been predicted to play a role in triggering the biochemical changes in immune cells, which are crucial for regulating the immune response [1, 57] . Adenosine is released by hypoxic/damaged parenchymal cells and acts on neighboring inflammatory cells to activate HIF-1 and may act as a means of amplifying the role of local hypoxia as a driving force in the down-modulation of immune and inflammatory responses.
